INTRODUCTION
============

Variations in feed and forage quality and availability can result in periods of suboptimal nutrition for livestock species. This is problematic as poor maternal nutrition during gestation has immediate and long-lasting consequences on production efficiency and health of offspring, including reductions in birth weight, pre-weaning survival, postnatal growth rate, feed utilization, carcass quality, and lifespan ([@r14]; [@r46]; [@r3]; [@r12]; [@r9]; [@r36]). Maternal programming is defined as alterations to the intrauterine environment that affect the growth and development of the fetus, resulting in changes in offspring growth, metabolism and organogenesis ([@r46]). Organogenesis primarily occurs during gestation, making it especially vulnerable to the effects poor maternal nutrition. As a result, multiple organ systems can potentially be affected; thus, predisposing offspring to metabolic and endocrine disorders ([@r18]; [@r1]; [@r39]).

We previously demonstrated that both restricted- or over-feeding during gestation can alter lamb growth rates, muscle and adipose composition, and organ size at early postnatal time points ([@r14]; [@r17]; [@r36]; [@r34]; [@r15]). Although others have evaluated the effects of maternal diet at specific time points of gestation, most were targeted at 1 to 2 time points and 1 dietary treatment ([@r14]; [@r43]; [@r46]). Therefore, to better understand when poor maternal nutrition affects growth and organ development during gestation, our objective was to develop a model that would evaluate the effects of poor maternal nutrition on fetal and organ growth at 3 gestational and 1 early postnatal time point, with the ability to compare control, restricted, and over feeding in 1 experiment. We hypothesized that maternal restricted- and over-feeding during gestation would negatively impact offspring growth and organ development at specific stages of gestation and at birth.

MATERIALS AND METHODS
=====================

All animal procedures were reviewed and approved by the University of Connecticut Institutional Animal Care and Use Committee (A13-059).

Multiparous Western White-faced ewes (*n* = 82), 3 yr or older were estrus synchronized and bred as previously described ([@r21]). Briefly, a controlled intravaginal drug release device (CIDR; Easi-Breed CIDR Sheep Insert, v, Inc., Parsippany, NJ) was inserted intravaginally into each ewe, removed after 12 d and then ewes received a single injection of PGF~2a~ i.m. \[Lutalyse, 5 mg/mL; Zoetis, Inc.; ([@r24])\]. Ewes were group housed with 1 of 4 related Dorset rams, obtained from a closed flock, for breeding. Day 0 of pregnancy was considered the d that the ewe received a rump mark with no subsequent remarking. Twenty d after mating, ewes were moved to individual pens (3 × 1 m; with visual but not physical contact with other ewes) and each ewe was fed individually for the duration of the experiment. At d 20, over a 7 d period, ewes were transitioned onto a complete pelleted feed at 100% NRC. Eighty-two ewes were confirmed pregnant by trans-abdominal ultrasound on d 28.5 ± 0.4 ([@r21]) and were randomly assigned into a 3 × 4 factorial arrangement of treatment structure at d 30 of gestation with main effects of diet (3) and time point of gestation (4; *n* = 5 to 7 ewes per treatment combination; [Fig. 1](#fig1){ref-type="fig"}).

![Experimental design. To evaluate the effects of restricted- or over-feeding on offspring development during gestation, pregnant ewes (*n* = 82) were housed in individual pens on d 20 of gestation (Individual housing) and randomly assigned into a 3 × 4 factorial arrangement of treatments which began at d 30 of gestation (Diet). The treatment structure included 3 dietary levels (Control: 100% TDN; Restricted: 60% TDN; Over: 140% TDN) and 4 time points during gestation (*n* = 5 to 7 ewes per treatment combination). At d 45, 90, or 135 of gestation, ewes were euthanized and the fetus(es) were removed for necropsy and tissue analysis. A fourth group of ewes was allowed to undergo parturition (birth), after which lambs were necropsied within 24 h of parturition.](tas2016.0002fig1){#fig1}

At d 30.2 ± 0.2 of gestation, pregnant ewes were fed either a control (100%; *n* = 27), restricted (60%; *n* = 28) or over (140%; *n* = 27) diet based on the NRC requirement for TDN ([@r32]). Treatment diets (Central Connecticut Farmer\'s COOP, Manchester, CT; [Table 1](#tbl1){ref-type="table"}) of 60, 100, and 140% NRC were achieved by offering different quantities of the complete pelleted feed based on ewe BW as previously described ([@r17]; [@r36]; [@r15]; [@r16]). Nutrient analyses were completed by Dairy One, Inc. (Ithaca, NY; [Table 1](#tbl1){ref-type="table"}) for each new grain delivery (*n* = 3). Fresh water and blocks containing sodium chloride only were available to ewes ad libitum. Ewes were weighed and BCS ([@r37]) was independently evaluated by 2 trained observers at the beginning of dietary treatment, and weekly thereafter. Ewes remained on their diets until they were euthanized at 1 of the 3 gestational time points or until parturition.

###### 

Formulation and chemical composition of ewe diet (as-fed basis)

  Item                                                 Diet composition
  ---------------------------------------------------- ------------------
  Ingredient[^1^](#t1n1){ref-type="table-fn"}, %       
      Soybean hulls                                    42.86
      Alfalfa meal, 17%                                20.00
      Ground beet pulp                                 16.67
      Corn meal, fine                                  16.20
      Molasses                                         3.00
      Monoamonium phosphate                            0.65
      Sheep premix                                     0.42
      Salt                                             0.21
  Nutrient Analysis[^2^](#t1n2){ref-type="table-fn"}   
      DE, Mcal/kg                                      3.28
      ME, Mcal/kg                                      2.86
      Moisture, %                                      10.23
      DM, %                                            89.80
      CP, %                                            11.57
      Adjusted CP, %                                   11.57
      ADF, %                                           28.07
      NDF, %                                           40.40
      TDN, %                                           65.67
      NE~L~, Mcal/kg                                   1.53
      NE~M~, Mcal/kg                                   1.53
      NE~G~, Mcal/kg                                   0.98
      Ca, %                                            0.89
      P, %                                             0.34
      Mg, %                                            0.21
      K, %                                             1.09
      Na, %                                            0.11
      Fe, mg/kg                                        381.00
      Zn, mg/kg                                        64.00
      Cu, mg/kg                                        7.00
      Mn, mg/kg                                        56.33
      Mo, mg/kg                                        1.33
      S, %                                             0.21

Feed was formulated by Central Connecticut Co-Op (Manchester, CT).

Nutrient analyses were performed by Dairy One, Inc. (Ithaca, NY; average analysis of 3 separate grain deliveries for entire experiment).

At d 45, d 90, or d 135 of gestation, ewes (*n* = 5 to 7 per treatment combination) were weighed and euthanized with an i.v. injection of Beuthanasia-D Special (Merck Animal Health; Summit, NJ) containing 390 mg/mL sodium pentobarbital and 50 mg/mL phenytoin based on BW, followed by exsanguination as previously described ([@r36]). Subsequently, a hysterectomy was performed to remove the uterus and fetuses for tissue collection. A fourth group of ewes was allowed to undergo parturition (birth; *n* = 5 to 7 per dietary treatment). Lambs at birth were allowed to nurse for up to 24 h before euthanasia to ensure adequate colostrum intake. If a ewe did not produce colostrum, lambs were offered manufactured colostrum replacer (4 ewes total: 2 twin control litters and 2 twin restricted litters; DuMor Blue Ribbon Multi-Species Colostrum Supplement; Distributed by Tractor Supply Company, Brentwood, TN). Within 24 h of parturition, lambs were weighed and euthanized as described above for tissue collection. Offspring born to control-, restricted-, or over-fed ewes are referred to as CON, RES and OVER, respectively, hereafter. Four ewes did not complete the study due to reasons unrelated to the experiment; thus 78 ewes and their respective offspring were available for fetal and organ measurements. Five offspring were not viable (2 mummified and 3 still born) and were not included for analysis, for a total of 147 offspring from the 78 ewes that were included in the analysis. There were missing data at d 45 for offspring BW (CON Singleton: *n* = 1 fetus) and fetal morphometric measurements (CON Twin: *n* = 2 fetuses). Also, data were missing at d 90 for offspring BW (CON Singleton: *n* = 1 fetus; RES Triplet: *n* = 1 fetus) and fetal morphometric measurements (CON Singleton: *n* = 1 fetus).

At d 45, identification of fetuses as male or female by visual inspection was not possible. Therefore, male fetuses were identified as those individuals that expressed the sex-determining region Y (SRY) gene using endpoint PCR. Briefly, tails were collected from d 45 fetuses at necropsy, snap frozen in liquid nitrogen, and stored at -20°C. DNA was isolated as previously described ([@r41]). Primers for the sex determining region Y (SRY) gene (Forward: 5′-AACGAAGACGAAAGGTGGCT-3′ Reverse: 3′--TCCTCAAAGAATGGGCGCTT-5′) were designed using the ovine reference sequence (AY604733.1), NCBI-Primer blast, and UCSC In-silico PCR. Glyceraldehyde 3-phosphate dehydrogenase (GAPDH; Forward: 5′-GGCGTGAACCACGAGAAGTATAA-3′ and Reverse: 3′-CCTCCACGATGCCAAAGTG-5′) was used as the positive control ([@r2]). Endpoint PCR was performed as previously described ([@r17]). The sex of offspring and litter size distribution for all animals included for these analyses are reported in [Table 2](#tbl2){ref-type="table"}.

###### 

Number of ewes assigned per diet and day of gestation that completed study[^1^](#tbl2n1){ref-type="table-fn"} and the resulting number of offspring acquired for analysis

                                Treatment[^2^](#tbl2n2){ref-type="table-fn"}                   
  ----------------------------- ---------------------------------------------- ------- ------- -------
  Pregnant ewes                 25                                             27      26      78
      d 45                      7                                              7       7       21
      d 90                      7                                              7       6       20
      d 135                     6                                              6       7       19
      Birth                     5                                              7       6       18
  Total offspring               47                                             51      49      147
      d 45                      12                                             12      15      39
      d 90                      14                                             14      11      39
      d 135                     11                                             12      11      34
      Birth                     10                                             13      12      35
  Singleton offspring           7                                              6       6       19
      d 45                      3                                              3       1       7
      d 90                      2                                              2       2       6
      d 135                     1                                              1       2       4
      Birth                     1                                              0       1       2
  Twin offspring                23                                             32      31      86
      d 45                      6                                              6       8       20
      d 90                      6                                              6       6       18
      d 135                     7                                              8       9       24
      Birth                     4                                              12      8       24
  Triplet offspring             17                                             13      12      42
      d 45                      3                                              3       6       12
      d 90                      6                                              6       3       15
      d 135                     3                                              3       0       6
      Birth                     5                                              1       3       9
  Male:Female offspring ratio   31:16                                          28:23   21:28   80:67
      d 45                      12:0                                           9:3     11:4    32:7
      d 90                      8:6                                            8:6     3:8     19:20
      d 135                     7:4                                            8:4     3:8     18:16
      Birth                     4:6                                            3:10    4:8     11:24

Four ewes did not complete study due to reasons unrelated to the experiment. These ewes and their offspring are not included in this table or any of the data analyses (Control, Birth *n* = 2; Restricted, d 135 *n* = 1; Over-fed, Birth *n* = 1). Beginning at d 30 of gestation, pregnant ewes were randomly assigned to a control-fed (100%), restricted-fed (60%) or over-fed (140%) diet based on NRC TDN requirements. Ewes were euthanized at d 45, 90, or 135 of gestation and a hysterectomy was performed to acquire the fetus(es), or ewes were allowed to undergo parturition in which lambs were necropsied within 24 h of birth.

LSMeans are reported.

Before sample collection, offspring BW was recorded and fetal morphometric measurements were obtained using handheld electronic calipers or a soft tape measure for all lambs. Measurements included crown-rump length (forehead to taildock), fetal length (longitudinally from nose to rump), heart girth (thoracic circumference behind the elbow, at the level of the heart), nose occipital length (longitudinally from the nose to occipital bone), orbit diameter (from the medial to lateral point of the eye) and umbilical diameter (averaged from 3 points of the umbilicus). Umbilical diameter could not be measured from lambs at the birth time point.

To obtain fetal organs, a mid-ventral incision extending from the thoracic cavity to the lower abdominal cavity was made. Organs \[liver, heart, kidneys (both combined), adrenal glands (both combined) and perirenal fat (both sides)\] were excised from each offspring and weighed. Organ measurements \[heart length and width, kidney length, and rib width (averaged for the fifth, sixth and seventh rib)\] were obtained using a handheld electronic digital caliper at all time points. Loin eye area (LEA) of the LM was measured between the 12th and 13th rib using a grid specific to pork and lamb (Iowa State University Extension and Outreach, Ames). At d 45 of gestation, the adrenal glands and perirenal fat were not detectable. The LEA was only measurable at d 135 and birth due to the small size at earlier time points.

All data were analyzed using PROC MIXED (SAS Inst. Inc., Cary, NC; version 9.4). Ewe BW and BCS data were analyzed as a completely randomized design, with fixed effects of diet, d of gestation, litter size, and their interactions. Sire had no effect on the fetal variables presented (*P* ≥ 0.12) and therefore was removed from the model. Offspring data were analyzed as a split-plot design. In the whole plot, ewes were randomly assigned into the 3 × 4 factorial arrangement of treatments of diet (3) and d of gestation (4). In the sub plot, offspring were assigned to a 3 × 4 × 3 × 2 factorial arrangement of treatments, including maternal diet (3), d of gestation (4), litter size (3) and sex (2), respectively and listed as the fixed effects with all interactions. A random statement of ewe by diet by d of gestation was included to define the whole plot. Organ data were expressed as a percent of BW to understand organ growth relative to BW, and all data are presented as least square means ± SE. Significance was considered at *P* ≤ 0.05. Comparisons of pairwise incidence for the maternal diet by d of gestation were conducted if significant using the LSMEANS statement with PDIFF option. In the absence of a maternal diet by d of gestation interaction, main effects are discussed.

RESULTS
=======

Significant interactions of diet by d of gestation were observed for ewe BW (*P* \< 0.0001) and BCS (*P* \< 0.0001; [Table 3](#tbl3){ref-type="table"}). Body weights of pregnant ewes did not differ at the start of feeding the experimental diet (*P* ≥ 0.43; [Table 3](#tbl3){ref-type="table"}). At d 45 of gestation (15 d on experimental diets) over-fed weighed 10% more than restricted-fed ewes (*P* = 0.001) with control ewes intermediate (*P* ≥ 0.09). The divergence in over-fed and restricted-fed ewe BW was consistently observed at d 90 and d 135 of gestation, and at birth (*P* \< 0.0001; [Table 3](#tbl3){ref-type="table"}). At d 90, d 135, and birth, restricted-fed ewes weighed less than control-fed and over-fed ewes, and over-fed ewes weighed more than control-fed and restricted-fed ewes (*P* ≤ 0.03; [Table 3](#tbl3){ref-type="table"}). No difference in ewe BCS was observed at d 30, d 45, or d 90 of gestation between experimental diets (*P* ≥ 0.07; [Table 3](#tbl3){ref-type="table"}). At d 135 of gestation, BCS was greater in over-fed than restricted-fed and control-fed ewes, whereas the BCS of restricted-fed ewes was less compared with control-fed and over-fed ewes (*P* ≤ 0.05, [Table 3](#tbl3){ref-type="table"}). At parturition, the over-fed and control-fed ewes had similar BCS (*P* = 0.06) but BCS of restricted-fed ewes was less than control-fed and over-fed ewes (*P* ≤ 0.002; [Table 3](#tbl3){ref-type="table"}). Maternal diet had no effect on the length of gestation for ewes that gave birth (*P* = 0.26). Together, these data demonstrate the effectiveness of experimental diets fed to the ewes during gestation.

###### 

Effect of diet and d of gestation on ewe BW and BCS[^1^](#t3n1){ref-type="table-fn"}

                                              Treatment[^3^](#t3n3){ref-type="table-fn"}                                             *P*-value                                         
  -------------------------------------- ---- -------------------------------------------- ----------------------------------------- ----------------------------------------- ------- -----------
  BW, kg                                                                                                                                                                               \< 0.0001
      d 30                               78   83.2[^ace^](#t3n0){ref-type="table-fn"}      81.7[^abe^](#t3n0){ref-type="table-fn"}   83.6[^ace^](#t3n0){ref-type="table-fn"}   1.9     
      d 45                               78   82.4[^abce^](#t3n0){ref-type="table-fn"}     78.5[^be^](#t3n0){ref-type="table-fn"}    86.3[^ac^](#t3n0){ref-type="table-fn"}    1.9     
      d 90                               57   87.4[^c^](#t3n0){ref-type="table-fn"}        78.7[^e^](#t3n0){ref-type="table-fn"}     95.7[^dg^](#t3n0){ref-type="table-fn"}    2.2     
      d 135                              37   97.9[^d^](#t3n0){ref-type="table-fn"}        83.2[^ce^](#t3n0){ref-type="table-fn"}    109.6[^f^](#t3n0){ref-type="table-fn"}    2.8     
      Birth                              18   99.0[^d^](#t3n0){ref-type="table-fn"}        87.2[^ceg^](#t3n0){ref-type="table-fn"}   110.1[^f^](#t3n0){ref-type="table-fn"}    4.0     
  BCS[^4^](#t3n4){ref-type="table-fn"}                                                                                                                                                 \< 0.0001
      d 30                               78   3.08[^ad^](#t3n0){ref-type="table-fn"}       3.04[^ab^](#t3n0){ref-type="table-fn"}    3.06[^acd^](#t3n0){ref-type="table-fn"}   0.026   
      d 45                               78   3.02[^ab^](#t3n0){ref-type="table-fn"}       2.98[^b^](#t3n0){ref-type="table-fn"}     3.03[^acd^](#t3n0){ref-type="table-fn"}   0.024   
      d 90                               57   3.00[^ab^](#t3n0){ref-type="table-fn"}       2.99[^bc^](#t3n0){ref-type="table-fn"}    3.06[^acd^](#t3n0){ref-type="table-fn"}   0.028   
      d 135                              37   3.03[^ab^](#t3n0){ref-type="table-fn"}       2.87[^e^](#t3n0){ref-type="table-fn"}     3.11[^d^](#t3n0){ref-type="table-fn"}     0.034   
      Birth                              18   3.07[^abd^](#t3n0){ref-type="table-fn"}      2.82[^e^](#t3n0){ref-type="table-fn"}     3.16[^d^](#t3n0){ref-type="table-fn"}     0.046   

Denotes Ismean differences for the diet by d of gestation interaction (*P* ≤ 0.05), within each variable.

Beginning at d 30 of gestation, 82 pregnant ewes were randomly assigned to a control-fed (100%), restricted-fed (60%) or over-fed (140%) diet based on NRC TDN requirements during gestation. Four ewes did not complete the experiment due to reasons unrelated to the experiment. Ewes were euthanized at d 45, 90, or 135 of gestation, or allowed to undergo parturition (*n* = 5 to 7 ewes per diet per d of gestation).

Number of live ewes that BW and BCS were recorded at each d of gestation. Ewes were weighed immediately before euthanasia or within 7 d before parturition.

LSMeans are reported.

Ewe BCS was individually recorded by 2 observers using a scale of 1 to 5 ([@r37]).

Significant 3-way interactions of litter size by maternal diet by d of gestation were observed for offspring BW (*P =* 0.001) and perirenal fat expressed as a percent of BW (*P =* 0.02; Supplementary Table 1). No 3-way interactions of litter size by maternal diet by d of gestation were observed for any other fetal morphometric measurements or weights of organs expressed as a percent of BW (*P* ≥ 0.09). Thus, in the interest of how maternal diet affects the offspring at specific stages of gestation, only the main effects and interaction of maternal diet and d of gestation are reported herein.

A significant interaction of maternal diet by d of gestation was observed for offspring BW (*P* = 0.03; [Table 4](#tbl4){ref-type="table"}) and heart girth circumference (*P* = 0.009; [Table 4](#tbl4){ref-type="table"}). No differences between maternal diets were observed for fetal BW at d 45, 90, or 135 of gestation (*P* ≥ 0.24). However, at birth, RES offspring weighed 18.4% less than CON and 13.1% less than OVER ([Table 4](#tbl4){ref-type="table"}; *P* ≤ 0.04). Similarly, at birth, the heart girth of RES offspring was 9.2% smaller than CON and 8.0% smaller than OVER (*P* ≤ 0.004), with no differences (*P* ≥ 0.18) in fetal heart girth observed between treatments at d 45, 90, or 135 of gestation. An interaction of maternal diet by d of gestation was not observed for offspring crown-rump length, fetal length, nose-occipital length, orbit diameter, or umbilical diameter (*P* ≥ 0.31; [Table 4](#tbl4){ref-type="table"}). A main effect of maternal diet was observed for the crown-rump length with RES offspring measuring 3.4% shorter than CON and 2.9% shorter than OVER (360.3 ± 28.3, 348.6 ± 25.3, 358.6 ± 28.9 g; CON, RES, OVER, respectively; *P* = 0.05) regardless of stage of gestation, but not for other variables. A main effect of gestation was observed for all fetal morphometric variables in that the crown-rump, fetal, and nose-occipital length of offspring were longer, the heart girth of offspring was larger, and the orbit and umbilicus of offspring were wider as gestation advanced (*P* \< 0.0001; [Table 4](#tbl4){ref-type="table"}).

###### 

Effect of maternal diet and d of gestation on fetal size variables

                              Treatment[^1^](#t4n1){ref-type="table-fn"}^,^[^2^](#t4n2){ref-type="table-fn"}                                              *P-*value                                           
  --------------------------- -------------------------------------------------------------------------------- ------------------------------------------ ------------------------------------------ -------- --------
  BW, g                                                                                                                                                                                                       0.0310
      d 45                    11.1[^a^](#t4n0){ref-type="table-fn"}                                            10.3[^a^](#t4n0){ref-type="table-fn"}      9.2[^a^](#t4n0){ref-type="table-fn"}       0.55     
      d 90                    604.8[^b^](#t4n0){ref-type="table-fn"}                                           595.8[^b^](#t4n0){ref-type="table-fn"}     634.7[^b^](#t4n0){ref-type="table-fn"}     23.36    
      d 135                   4,882.9[^c^](#t4n0){ref-type="table-fn"}                                         4,531.2[^c^](#t4n0){ref-type="table-fn"}   4,633.9[^c^](#t4n0){ref-type="table-fn"}   213.52   
      Birth                   4,878.7[^c^](#t4n0){ref-type="table-fn"}                                         3,982.6[^d^](#t4n0){ref-type="table-fn"}   4,583.7[^c^](#t4n0){ref-type="table-fn"}   234.94   
  Crown-rump length, mm                                                                                                                                                                                       0.3142
      d 45                    79.4                                                                             78.8                                       75.3                                       5.20     
      d 90                    287.1                                                                            286.2                                      289.1                                      11.56    
      d 135                   527.2                                                                            509.5                                      526.7                                      31.25    
      Birth                   549.6                                                                            519.9                                      542.2                                      28.11    
  Fetal length, mm                                                                                                                                                                                            0.6587
      d 45                    60.6                                                                             62.0                                       57.2                                       4.86     
      d 90                    254.5                                                                            254.7                                      263.9                                      16.03    
      d 135                   478.8                                                                            455.2                                      474.1                                      22.07    
      Birth                   502.0                                                                            483.9                                      490.9                                      28.03    
  Heart girth, mm                                                                                                                                                                                             0.0089
      d 45                    nd[^3^](#t4n3){ref-type="table-fn"}                                              nd                                         nd                                         nd       
      d 90                    176.2[^a^](#t4n0){ref-type="table-fn"}                                           172.1[^a^](#t4n0){ref-type="table-fn"}     176.8[^a^](#t4n0){ref-type="table-fn"}     9.63     
      d 135                   334.1[^bc^](#t4n0){ref-type="table-fn"}                                          320.1[^b^](#t4n0){ref-type="table-fn"}     332.7[^bc^](#t4n0){ref-type="table-fn"}    23.00    
      Birth                   381.9[^d^](#t4n0){ref-type="table-fn"}                                           346.6[^c^](#t4n0){ref-type="table-fn"}     376.7[^d^](#t4n0){ref-type="table-fn"}     21.50    
  Nose occipital length, mm                                                                                                                                                                                   0.9852
      d 45                    21.6                                                                             21.9                                       20.8                                       1.91     
      d 90                    77.4                                                                             79.2                                       76.4                                       4.90     
      d 135                   125.0                                                                            123.1                                      124.4                                      5.98     
      Birth                   131.8                                                                            124.2                                      129.8                                      9.30     
  Orbit diam., mm                                                                                                                                                                                             0.3506
      d 45                    5.1                                                                              5.7                                        4.0                                        0.76     
      d 90                    17.4                                                                             18.4                                       21.7                                       3.50     
      d 135                   23.9                                                                             26.1                                       28.5                                       3.53     
      Birth                   29.8                                                                             27.3                                       29.4                                       2.61     
  Umbilical diam., mm                                                                                                                                                                                         0.3499
      d 45                    5.7                                                                              5.7                                        4.5                                        1.00     
      d 90                    14.7                                                                             14.6                                       15.7                                       2.59     
      d 135                   16.5                                                                             18.8                                       15.9                                       4.07     
      Birth                   nd                                                                               nd                                         nd                                         nd       

Denotes Ismean differences for the maternal diet by d of gestation interaction (*P* ≤ 0.05) for each variable.

Offspring from ewes fed a control (100% NRC), restricted (60% NRC), or over-fed (140% NRC) diets are referred to as CON, RES and OVER, respectively. Ewe diet was based on the NRC TDN requirement for pregnant ewes bearing twins, and began at d 30 of gestation. At d 45, 90, or 135 of gestation, ewes were euthanized and a hysterectomy was performed to acquire the fetus(es). Lambs were collected within 24 h of birth from ewes allowed to undergo parturition (*n* = 10 to 15 fetuses or lambs from 5 to 7 ewes per diet per d of gestation).

LSMeans are reported.

nd = not detectable.

Due to the differences observed in offspring BW, all organs were expressed as a percent of BW (actual organ weight data are provided in Supplementary [Table 2](#tbl2){ref-type="table"}). When expressed as percent of BW, an interaction of maternal diet by d of gestation was observed for weight of offspring kidneys (*P* = 0.02), liver (*P* = 0.01), and perirenal fat (*P* = 0.002; [Table 5](#tbl5){ref-type="table"}). At d 45 of gestation, the kidneys of OVER offspring were 35.6% larger than CON and 26.0% larger than RES (*P* \< 0.04). However, at the d 90, d 135, and birth time points no differences in fetal kidney weights were observed between maternal diets (*P* ≥ 0.60; [Table 5](#tbl5){ref-type="table"}). At d 45 of gestation, the liver of RES offspring was 13.0% larger than CON and 15.6% larger than OVER offspring (*P* ≤ 0.002). However, these differences were not maintained in the liver between CON, RES and OVER at d 90, d 135 or birth time points (*P* ≥ 0.07). Perirenal fat was not detectable at d 45 of gestation, and no differences in perirenal fat were observed in offspring at d 90 of gestation (*P* ≥ 0.51). However, at d 135 of gestation, OVER offspring had 26.3% more perirenal fat than CON and RES lambs (*P* \< 0.03). At birth, RES offspring had 26.4% more perirenal fat than CON and 40% more perirenal fat than OVER lambs (*P* \< 0.04). No interactions of maternal diet by d of gestation were observed for weight of the adrenal glands or heart as a percent BW, or heart length, heart width, kidney length, rib width, or loin eye area (*P* ≥ 0.23; [Table 5](#tbl5){ref-type="table"}). A main effect of maternal diet was observed for heart length, such that the hearts of RES and OVER offspring were 8.1% and 11.1% shorter than CON, respectively, regardless of the stage of gestation (55.9 ± 3.6, 51.7 ± 2.7, 50.3 ± 2.8, mm; CON, RES, OVER, respectively; *P ≤* 0.05). A main effect of gestation was observed for all organ variables (*P* \< 0.0001), such that organ weight as a percent of BW decreased ([Table 4](#tbl4){ref-type="table"}) but average organ size increased as gestation advanced (*P* \< 0.0001; Supplementary Table 2). The width of the heart and ribs of offspring, and length of the heart and kidneys of offspring increased as gestation advanced (*P* \< 0.0001). The loin eye area was measurable in offspring only at d 135 and birth, and no main effect of gestation, maternal diet, or interaction was observed (*P* ≥ 0.32; [Table 5](#tbl5){ref-type="table"}).

###### 

Effects of maternal diet and d of gestation on fetal organ variables

                                                            Treatment[^1^](#t5n1){ref-type="table-fn"}^,^[^2^](#t5n2){ref-type="table-fn"}                                             *P-*value                                         
  --------------------------------------------------------- -------------------------------------------------------------------------------- ----------------------------------------- ---------------------------------------- -------- --------
  Adrenal gland wt,[^4^](#t5n4){ref-type="table-fn"} % BW   0.0991                                                                                                                                                                       
      d 45                                                  nd[^5^](#t5n5){ref-type="table-fn"}                                              nd                                        nd                                       nd       
      d 90                                                  0.028                                                                            0.030                                     0.031                                    0.0004   
      d 135                                                 0.012                                                                            0.010                                     0.011                                    0.0009   
      Birth                                                 0.020                                                                            0.024                                     0.021                                    0.0017   
  Heart wt, % BW                                                                                                                                                                                                                         0.2309
      d 45                                                  1.06                                                                             1.22                                      1.31                                     0.07     
      d 90                                                  0.85                                                                             0.79                                      0.83                                     0.02     
      d 135                                                 0.68                                                                             0.50                                      0.66                                     0.02     
      Birth                                                 0.77                                                                             0.87                                      0.82                                     0.02     
  Heart length, mm                                                                                                                                                                                                                       0.5226
      d 45                                                  nd                                                                               nd                                        nd                                       nd       
      d 90                                                  31.6                                                                             30.4                                      30.9                                     3.20     
      d 135                                                 68.3                                                                             56.1                                      60.2                                     11.03    
      Birth                                                 67.7                                                                             64.2                                      63.9                                     6.24     
  Heart width, mm                                                                                                                                                                                                                        0.9839
      d 45                                                  6.3                                                                              5.8                                       6.2                                      0.60     
      d 90                                                  23.2                                                                             22.5                                      22.2                                     2.77     
      d 135                                                 49.9                                                                             43.8                                      42.9                                     4.79     
      Birth                                                 49.6                                                                             47.9                                      45.9                                     4.03     
  Kidney wt,[^6^](#t5n6){ref-type="table-fn"} % BW                                                                                                                                                                                       0.0213
      d 45                                                  0.67[^ad^](#t5n0){ref-type="table-fn"}                                           0.77[^ace^](#t5n0){ref-type="table-fn"}   1.04[^b^](#t5n0){ref-type="table-fn"}    0.07     
      d 90                                                  0.96[^bc^](#t5n0){ref-type="table-fn"}                                           0.97[^bc^](#t5n0){ref-type="table-fn"}    0.99[^b^](#t5n0){ref-type="table-fn"}    0.02     
      d 135                                                 0.54[^ad^](#t5n0){ref-type="table-fn"}                                           0.47[^d^](#t5n0){ref-type="table-fn"}     0.59[^de^](#t5n0){ref-type="table-fn"}   0.02     
      Birth                                                 0.59[^d^](#t5n0){ref-type="table-fn"}                                            0.57[^de^](#t5n0){ref-type="table-fn"}    0.55[^de^](#t5n0){ref-type="table-fn"}   0.02     
  Kidney length, mm                                                                                                                                                                                                                      0.9667
      d 45                                                  nd                                                                               nd                                        nd                                       nd       
      d 90                                                  22.3                                                                             22.0                                      23.4                                     1.45     
      d 135                                                 43.2                                                                             38.6                                      39.7                                     6.35     
      Birth                                                 40.1                                                                             37.7                                      39.0                                     3.63     
  Loin eye area,[^7^](#t5n7){ref-type="table-fn"} mm^2^                                                                                                                                                                                  0.9813
      d 45                                                  nd                                                                               nd                                        nd                                       nd       
      d 90                                                  nd                                                                               nd                                        nd                                       nd       
      d 135                                                 266.5                                                                            282.8                                     274.8                                    24.6     
      Birth                                                 316.7                                                                            254.8                                     280.7                                    25.2     
  Liver wt, % BW                                                                                                                                                                                                                         0.0114
      d 45                                                  6.7[^a^](#t5n0){ref-type="table-fn"}                                             7.7[^b^](#t5n0){ref-type="table-fn"}      6.5[^ad^](#t5n0){ref-type="table-fn"}    0.21     
      d 90                                                  5.5[^c^](#t5n0){ref-type="table-fn"}                                             5.4[^c^](#t5n0){ref-type="table-fn"}      5.8[^cd^](#t5n0){ref-type="table-fn"}    0.09     
      d 135                                                 2.8[^e^](#t5n0){ref-type="table-fn"}                                             2.1[^e^](#t5n0){ref-type="table-fn"}      2.8 [^e^](#t5n0){ref-type="table-fn"}    0.12     
      Birth                                                 2.2[^e^](#t5n0){ref-type="table-fn"}                                             2.3[^e^](#t5n0){ref-type="table-fn"}      2.3 [^e^](#t5n0){ref-type="table-fn"}    0.06     
  Perirenal fat wt,[^8^](#t5n8){ref-type="table-fn"} % BW   0.0017                                                                                                                                                                       
      d 45                                                  nd                                                                               nd                                        nd                                       nd       
      d 90                                                  0.44[^ab^](#t5n0){ref-type="table-fn"}                                           0.40[^a^](#t5n0){ref-type="table-fn"}     0.44[^ab^](#t5n0){ref-type="table-fn"}   0.02     
      d 135                                                 0.42[^ac^](#t5n0){ref-type="table-fn"}                                           0.42[^ac^](#t5n0){ref-type="table-fn"}    0.57[^b^](#t5n0){ref-type="table-fn"}    0.02     
      Birth                                                 0.39[^a^](#t5n0){ref-type="table-fn"}                                            0.53[^bc^](#t5n0){ref-type="table-fn"}    0.35[^a^](#t5n0){ref-type="table-fn"}    0.03     
  Rib width, mm                                                                                                                                                                                                                          0.4387
      d 45                                                  0.88                                                                             0.83                                      1.00                                     0.17     
      d 90                                                  2.30                                                                             2.38                                      2.89                                     0.70     
      d 135                                                 4.51                                                                             4.18                                      4.33                                     0.69     
      Birth                                                 4.54                                                                             4.56                                      4.37                                     0.75     

Denotes Ismean differences for the diet by d of gestation interaction (*P* ≤ 0.05), within a variable.

Offspring from ewes fed a control (100% NRC), restricted (60% NRC), or over-fed (140% NRC) diet are referred to as CON, RES and OVER, respectively. Ewe diet was based on the NRC TDN requirement for pregnant ewes bearing twins and began at d 30 of gestation. At d 45, 90, or 135 of gestation, ewes were euthanized and a hysterectomy was performed to acquire the fetus(es). Lambs were collected within 24 h of birth from ewes allowed to undergo parturition (*n* = 10 to 15 fetuses or lambs from 5 to 7 ewes per diet and d of gestation combination).

LSMeans are reported.

Organ weights are expressed as a percent of offspring BW.

Adrenal gland weight is reported for sum of the pair of adrenal glands.

nd = not detectable.

Kidney weight is reported for the sum of the pair of kidneys.

Loin eye area was estimated using a plastic grid specific to pork and lamb (Iowa State University Extension and Outreach).

Perirenal fat weight is reported for the combined weight of perirenal fat collected from around both kidneys.

DISCUSSION
==========

To maximize production efficiency, animals need to grow quickly and produce a carcass that yields more muscle than fat. However, the growth and development of the offspring can be negatively influenced by environmental stressors to which the dam is exposed during gestation, such as poor maternal nutrition. In livestock species, both restricted- and over-feeding during gestation results in reduced growth rates, reduced muscle fiber size, and increased adiposity of the offspring ([@r35]; [@r46]; [@r9]). Although both under- and over-feeding often lead to similar phenotypic changes in offspring, many studies only focus on 1 model of poor maternal nutrition such as under- ([@r43]; [@r7]; [@r11]; [@r13]) or over-feeding ([@r48]; [@r40]; [@r4]; [@r25]; [@r47]). We have developed a unique model that includes both restricted- and over-feeding of the ewe beginning at early gestation ([@r17]; [@r36]; [@r21]; [@r34]; [@r15]; [@r16]). This allows for direct comparisons between offspring from control-, restricted- and over-fed mothers. These comparisons are important because as we previously reported, although negative effects on muscle and metabolism are similar, mechanisms contributing to these phenotypes are different in offspring from restricted and over-fed mothers ([@r16]). Proper organ and tissue growth during fetal development is essential for optimal health and growth during postnatal life. In sheep, fetal organogenesis is largely complete during early gestation, yet only 10% of fetal growth has occurred by d 90 of gestation ([@r43]; [@r35]; [@r3]). Any delay or altered growth during gestation can have negative effects on production. The current model includes key time points during early (d 45), mid (d 90), and late (d 135) gestation and immediately following parturition, allowing us to target specific stages of development. By developing a model of both maternal under- and over-feeding and 4 developmental time points for offspring analysis in 1 study, we have the ability to make treatment by time comparisons to further understand the impact of maternal nutrition on offspring growth and development over time.

The BW and BCS of control-fed ewes was maintained through mid-gestation and increased during late gestation. In the restricted-fed ewes, this BW gain was limited throughout gestation and concurrently demonstrated gradual depletion of nutrient reserves. Alternately, BW gain was more rapid and exaggerated in ewes fed 140% of the control diet, who also exhibited greater adiposity, as demonstrated by greater BCS as gestation advanced compared with control-fed ewes. Such depleted or excessive maternal nutrient reserves can alter nutrient availability to the developing fetus ([@r46]) and subsequently compromise fetal growth ([@r29]). Furthermore, maternal nutrition can affect BW gain and BCS during gestation and this, in turn, can proportionately affect fetal and organ development ([@r6]).

In ruminants, the majority of fetal growth occurs during the last third of gestation while organogenesis occurs during the first third of gestation ([@r35]; [@r42]; [@r5]). Therefore, the effects of maternal nutrition on fetal size and organ development may be time dependent. In the current study, differences in offspring body size were observed at birth whereas differences in fetal organ mass were primarily observed at d 45 and 90 of gestation. The lack of BW difference observed during early- and mid-gestation is consistent with previous studies in which reduced offspring BW in offspring of both restricted- ([@r44]; [@r15]) and over-fed ([@r5]; [@r17]) ewes were observed at d 130 of gestation, but not at d 50 or 90. It should be noted that offspring BW in response to maternal diet is variable with many reporting no effect on BW ([@r27]; [@r33]; [@r23]), but significant changes in body composition, growth or metabolism.

Although BW differences were not observed until birth, changes in body composition occur earlier, which can affect overall performance and health of offspring later in life. In support of the thrifty phenotype hypothesis ([@r14]), increased perirenal fat was observed in both RES and OVER offspring by d 135 of gestation. The increase in perirenal fat may be indicative of offspring preparing for a suboptimal postnatal environment ([@r14]). In particular, the RES offspring are programmed to survive on minimal nutrients at birth. However, in the OVER, this may be due to excess nutrients during gestation and altered glucose and/or insulin metabolism. Perirenal fat during early prenatal life is vital for thermogenesis and therefore has a key role in offspring survival. Therefore, it is likely that accretion of perirenal fat is particularly sensitive to maternal nutrient intake before or during mid-gestation, with the resulting phenotype observed in late-gestation or postnatally. In support of this, when ewes were under-fed between d 28 and d 78 of gestation, lambs reared until 250 d of age exhibited increased BW gain, adiposity, and fat to lean ratio ([@r11]) indicating that maternal under-feeding from early to mid-gestation contributed to postnatal adiposity. Similarly, maternal obesity can lead to increased fat accumulation in adult offspring ([@r26]). Increased adiposity can negatively affect the metabolic health of the animal and compromise carcass quality later in life ([@r11]; [@r9]; [@r10]).

After only 15 d of dietary intervention, both restricted- and over-feeding of ewes altered the growth patterns of the fetal liver and kidney, respectively during the first third of gestation. Ovine hepatogenesis occurs as early as d 30 of gestation, and typically the liver occupies less space in the abdomen with advancing gestation ([@r8]). Although the liver size increased for all treatment groups over time and were similar during late gestation, the liver of RES offspring was larger at d 45. Similarly, Meyer et al. reported increased liver size, when adjusted for BW, in offspring of restricted-fed mothers ([@r30]). Altered development of the liver as a result of poor maternal nutrition can result in hepatic triglyceride accumulation, inflammation and insulin resistance leading to increased visceral adiposity ([@r22]; [@r38]). Therefore, early changes in liver development may be linked to the increased perirenal fat observed at birth, indicative that maternal nutrition affects multiple organ systems in an inter-dependent manner. Further studies are needed in the sheep model to determine if the changes in liver development are linked to changes in metabolism and/or postnatal growth of the offspring.

Maternal over-feeding caused early acceleration of kidney growth in offspring at d 45 of gestation. This is consistent with [@r20], who reported that over-feeding during gestation in rats altered development and functions of kidney in offspring exposed to over- nutrition during gestation ([@r20]). In addition, in humans and sheep exposure of the fetus to suboptimal maternal diet during gestation has been linked to poor postnatal development and pathological conditions of kidneys ([@r31]; [@r28]). For example, decreased protein nutrition in rats reduces the number of nephrons in kidneys and affects renin-angiotensin system, which may predispose offspring to adult diseases, such as hypertension ([@r45]). The absence of an effect of maternal diet observed after d 45 of gestation is likely due to nutrient partitioning toward the liver and kidney, because ruminants rely on the liver for gluconeogenesis and regulation of the somatotropic axis, and the kidneys for phosphate and calcium balance ([@r19]; [@r18]; [@r1]; [@r8]; [@r28]).

Conclusion
----------

There is a need to increase the efficiency of production to meet increasing global demand for food, including protein sources, while developing and maintaining a sustainable production system. Nutrient availability to the dam has direct effects on fetal development and permanent effects on offspring health and physiology later in life. The effects of poor maternal nutrition can also impact meat quality and quantity. By developing a model to test the effects of poor maternal nutrition, including both restricted- and over-feeding models, during gestation on offspring growth and health, it will be possible to identify methods to manage the negative outcomes and improve production efficiency. This is important based on recent findings that although changes in muscle were similar in RES and OVER offspring, changes in gene expression were different, suggesting the involvement of different mechanisms ([@r16]). The current study has developed a model to evaluate key stages of fetal development in poorly fed ewes that identified that poor maternal diet can have negative effects within 2 wk of dietary changes and as early as d 45 of gestation with effects persisting until birth. In conclusion, we determined that both maternal restricted- and over-feeding during gestation differentially alter organogenesis of the liver and kidneys during early gestation, and body size and composition during late gestation and at parturition. Further investigation into the tissue structure and molecular regulation of each organ at each stage of gestation is necessary to identify mechanisms by which poor maternal nutrition predisposes postnatal organ dysfunction, even in the absence of alterations in mass.
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======================
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